Uracil *) may contribute to the cluster absorption profile across the scanned spectral region, and the possible role of these states is also discussed.
I. INTRODUCTION
It is well established that ionizing radiation and high-energy particles passing through biological material can efficiently produce low-energy secondary electrons. 1,2 These lowenergy electrons are biologically important as they can cleave single-and double-DNA strands, as well as promote fragmentation in the constituent building blocks of DNA. [3] [4] [5] [6] [7] [8] [9] [10] A broad range of experimental and theoretical studies have been conducted to characterise these processes at the molecular level, where the low-energy electron interacts directly with components of DNA.
These studies have identified the unoccupied low-lying * orbitals of the nucleobases and the dissociative * phosphate orbitals as possible sites for electron capture prior to transient negative ion formation. 9, 10 One novel approach for studying low-energy electron molecule coupling employs gas-phase iodide ion-molecule clusters, where the iodide ion is photodetached to produce low-energy free electrons with well-defined energies. [11] [12] [13] [14] [15] [16] [17] [18] The free electrons can then be captured by the adjacent molecule to form a temporary negative ion, with the subsequent dynamics being probed either via photofragment action spectroscopy or time-resolved photoelectron spectroscopy. [11] [12] [13] [14] [15] [16] [17] [18] In recent work, we studied the photodissociation dynamics of the iodide ionuracil system (I -•U) to more closely investigate the role played by the "spectator" iodine. 18 Our
I -
•U study revealed that photoexcitation produced I -ion photofragments and, at lower signal levels, deprotonated nucleobase, i.e. [U-H] -, photofragments, along with electron production from decay of a transient negative ion. The production spectra for both fragment ions displayed two peaks centred at ~4.0 and ~4.8 eV, with the lower-energy band being assigned to excitation of a dipole-bound excited state of the complex, while the higher-energy band was primarily assigned to excitation of a uracil-localized -* transition. Although these two electronic excited states are quite distinctive in nature, time-resolved photoelectron imaging (TRPEI) measurements indicated that across both bands, the I -ion was being produced via internal conversion of the initially formed excited states back to the I -•U electronic ground state followed by I -evaporation. It was not possible to measure the TRPEI of the [U-H] -fragment dynamics due to the relatively low intensity of the ion.
Here, we extend our work on I -
•U to the other pyrimidine nucleobases (thymine and cytosine)
to investigate the generality of the earlier results, focusing on the ionic fragments that are produced following near-threshold photoexcitation. As for I -
•U, the I -
•T cluster has also been investigated with TRPEI to investigate the electron loss channels, 16, 17 however, the ionic photofragments that accompany near-threshold photoexcitation were not characterised in that study so this is the first direct investigation of the I -
•T photofragment channels. Moreover, the current work represents the first photoexcitation study of the I -•C cluster. In particular, by comparing the photoexcitation spectra of these three nucleobase complexes, we aim to investigate the extent to which the intrinsic electronic characteristics of the nucleobase influence the cluster spectra, and hence to what extent the electronic excitations that occur can be described as nucleobase-localized transitions.
II. METHODS
UV photodissociation experiments were conducted in an AmaZon (Bruker) ion-trap mass spectrometer that has been converted for laser experiments as described in detail elsewhere. 19, 20 The I -•M clusters were generated by electrospraying solutions of nucleobase and iodide in deionized water (nucleobase solutions were 1 × 10 −4 mol dm -3 , mixed with droplets of t-butyl ammonium iodide (TBAI) at 1 × 10 −2 mol dm -3 ). All chemicals were purchased from Sigma
Aldrich and used without further purification.
The I -
•M clusters were mass-selected and isolated in an ion-trap prior to laser irradiation. UV photons were produced by an Nd:YAG (10 Hz, Surelite) pumped OPO (Horizon) laser across the range 345 -230 nm (3.6 -5.4 eV). Scans were conducted using a 1 nm step size. The total absorbance of the clusters is presented as photodepletion, which is calculated as the logarithm of the ratio between the ion intensity of mass-selected I -
•M clusters without and with irradiation. Photodepletion and photofragment production are corrected for laser power as described in references 19 and 20.
The structure of the I -
•M (M = uracil, thymine, cytosine) clusters was studied as part of this work using Gaussian 09. 21 Cluster structures of the iodide ion coordinated to known tautomers of the nucleobases were optimised using the B3LYP functional with the 6-311++G(2d,2p)
basis set on C, N, O and H atoms and 6-311G(d,p) on I. [22] [23] [24] [25] [26] The core electrons of the iodide ion were described using the Stuttgart/Dresden (SDD) electron core pseudopotential. 27 Frequency calculations were performed after all geometry optimisations to ensure that all To check that these structures do indeed correspond to the lowest-energy isomers, further calculations were conducted of a selection of cluster isomers with different nucleobase tautomers. These structures are presented in Section S1 of the supplementary material, and confirm that the structures presented in Figure 1 are the global minima at this level of theory.
However, for I -•C, a second cluster isomer (Isomer 2 in Table S3 ), which contains cytosine as the amino-oxo N3H tautomer, lies only 3.9 kJ/mol higher in energy than the global minimum isomer. We therefore anticipate that both Isomers 1 and 2 may be present in our experiment following electrospray ionization. 30, 31 The presence of two isomers for I -•C is perhaps unsurprising given that cytosine is known to exist in two tautomeric forms in the gas-phase. Table 1 show that the calculations overestimate the VDEs of the I the dipole moment of the neutral cluster ensemble calculated at the geometry of the ground state anion). We note that all three neutral vertical cluster structures are sufficiently polar to form stable dipole-bound anions. [35] [36] [37] TDDFT calculations were conducted to complement the ground state calculations presented above, with the calculated excitation spectra for the I the accurate calculation of such states is known to require the addition of tailored, diffuse functionals centred on the dipole-bound orbital. [39] [40] [41] We note that any electronic excitations that appear above the electron detachment threshold of the cluster will be resonance states rather than bound excited states. 42, 43 The accurate theoretical prediction of such states is demanding, and beyond the scope of the current experimentally-focused work. Nonetheless, the calculations conducted here provide a guide for interpreting the experimental results, and follow on from other recent studies where TDDFT calculations have been successfully used to interpret experimental results for similar anionic systems. As noted above, the ionic photofragments are produced with very low intensities across the spectral range studied here, so the primary conclusion in terms of the photodissociation dynamics is that electron detachment channels dominate. Indeed, the spectral profiles for the summed electron detachment channels for all three I We next turn to considering the nature of the iodide-nucleobase cluster excited state(s) accessed in the region around 4.8 eV. In our recent study of the photodissociation dynamics of I -·U, we identified a second cluster excited state (~4.8 eV) which we assigned to a cluster transition that was associated with a -* transition localized on the uracil moiety. 18 This band, labelled II, can be seen most clearly in the photofragment action spectra (e.g. the I -action spectrum from I -·U displayed in Fig. 5a ). Comparing the spectra obtained in this work for I -·T to those for I -·U, we can again assign a second excited state (II) for the I -·T cluster. This excited state is visible in the photofragment action spectra, centred at ~4.75 eV (e.g. in the I -photofragment action spectrum in Fig. 5b ). We note that these excited states are resolved in the photofragment action spectra but not in the photodepletion spectra since the photodepletion spectra include spin-orbit state. 44 However, the [KI] -photofragment spectrum that accompanies the photodepletion spectrum of this cluster revealed that no ionic photofragments were produced across the region of the upper spin-orbit state of the cluster. We concluded that the lack of photofragments resulted from rapid spin-orbit relaxation of the upper iodine 2 P½ state accompanied by electron detachment occurring on a timescale that is faster than decay to ionic photofragments. Such dynamics had been previously observed for other iodide ion-molecule complexes by Mabbs and coworkers, who have reported that the photodetachment dynamics in the vicinity of the 2 P½ state threshold are strongly correlated with the molecular dipole. 47 Consideration of these previous studies leads us to conclude that the upper spin-orbit dipolebound state of the iodide ion-pyrimidine clusters studied here is not evident in the photodepletion spectra due to it occurring with a relatively low cross section (akin to I -•CH3CN), 48 and hence being obscured by the nucleobase-centred excitations that occur over the same region. Any accompanying photofragments would also therefore be produced with low cross-section, but may indeed not be observed at all as in the I -•KI system. with an enhanced probability for excitation to a dissociative or autodetaching state of the anion.
This situation is reminiscent of behaviour we observed in photoelectron spectroscopy of PtCl6
2-
•T clusters, where indirect electron emission was observed from the cluster following 266 nm photoexcitation. 49 The indirect electron emission is indicative of autodetachment of the anionic cluster excited state or dissociative products. Given that the enhanced propensity for electron detachment is centred around 4.7 eV, it seems highly probable that the state involved is a thymine-localized -* excitation, or can be accessed by evolution of this state. It is important that enhanced electron emission has been seen following 4.7 eV excitation for both the singly- One of the intriguing aspects of the calculations performed as part of this study is that Iodide n (5p 6 )  Uracil * charge-transfer transitions are predicted to be reasonably strong in both the dipole-bound region of the spectra, and in the regions close to the nucleobase localized  *
transitions. There are a number of aspects of the dynamics of the I -·M complexes that were previously unexplained, [14] [15] [16] [17] [18] that may be attributed to these charge-transfer states. In particular, if the * and * excited states are strongly coupled, an excitation of the * state may be evident as observed behaviour that is characteristic of the * state, i.e. an observation of electron detachment from a valence-bound anion state in the photoelectron spectroscopy measurements.
For example, the near-simultaneous rise of detachment signals from dipole-bound and valencebound signals at excitation energies near the VDE could be readily explained if there is strong * and * coupling. This effect could also explain the instantaneous rise of valence-bound signals around 4.7 eV, which is very challenging to explain within a picture where only  * excitations occur at this energy. Of the other clusters studied in this work, the I -·C (aminooxo-N1H tautomer) displays particularly strong * and * coupling for the TDDFT excitations that are predicted to occur at 5.22 and 5.27 eV (See Figures S8 and S11 of the Supplementary Information.). This suggests an alternative explanation for the distinctive photofragmentation behaviour of I -·C as arising due to strong * and * coupling across the above threshold region.
Further theoretical work is clearly desirable to fully investigate the nature and role of these charge-transfer states in the photophysics of iodide-nucleobase complexes.
V. CONCLUSIONS
Laser photodissociation spectroscopy as although a near threshold dipole-bound excited state is again evident, photofragment ion production is relatively flat across the spectral region scanned above the detachment energy.
We attribute this to the presence of a relatively larger and weaker number of cytosine-localised electronic transitions associated with the I -enhanced due to a second low-energy isomer (2) of the I -·C cluster also being present in the experimental ensemble. Finally, we note that the calculations performed in this work suggest that strong * and * coupling may exist in the cluster excited states. This situation should certainly be investigated using more rigorous theoretical treatments, [56] [57] [58] to provide a further understanding of the extent of orbital coupling and its impact on the excited state photophysics.
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